ERCUTANEOUS CORONARY IN-tervention (PCI) with stent implantation has become the standard of care for myocardial revascularization, especially in the setting of unstable coronary artery disease.
Much attention recently has been focused on patient response to clopidogrel, with a strong relationship between high on-clopidogrel platelet reactivity and stent thrombosis despite stringent adherence to DAPT. 5 Clopidogrel is a prodrug that requires metabolic activation to generate its active thiol metabolite. It repeatedly has been shown that variable or insufficient clopidogrel active metabolite generation is the primary explanation for poor responsiveness to clopidogrel. 5 The reduced-function genetic variants in the hepatic cytochrome P450 2C19 (CYP2C19) gene have been identified as the most prominent contributors to this variability. 6 There is a strong link among CYP2C19 genetic polymorphisms, decreased clopidogrel responsiveness as measured by platelet function assays, and adverse clinical outcomes. [7] [8] [9] [10] Other genes also might influence clopidogrel absorption and metabolism, [11] [12] [13] but their relative contribution to the occurrence of stent thrombosis has been rarely explored. Additionally, a number of variants in genes encoding key factors of the coagulation/fibrinolytic systems and platelet receptor function have been associated with a higher risk of arterial thrombotic events, but their relation to stent thrombosis remains unknown. [14] [15] [16] [17] Our goal was to perform a casecontrol study using a candidate gene approach, testing all genetic variants previously associated with clopidogrel pharmacogenetics and arterial thrombosis to determine their relative contribution to definite early stent thrombosis in addition to classic clinical and angiographic factors.
METHODS

Study Design
The Online Assistance for Stent Thrombosis (ONASSIST) project is a French nationwide Web registry of patients with definite stent thrombosis following stent implantation. This online interactive approach allows submission of clinical cases from any hospital followed by medical expert review. 18 In each participating center, a cardiologist is responsible for the collection and submission of all stent thrombosis cases. Accuracy of case ascertainment is obtained by review of each Web-based case record by 3 interventional cardiologists who pay particular attention to discontinuation of aspirin or clopidogrel. Only data on definite stent thromboses not related to drug interruption are collected. This investigatorinitiated registry is led and partially supported by a nonprofit academic research organization, ACTION (Allies in Cardiovascular Trials, Initiatives and Organized Networks), at Pitié -Salpêtrière Hospital, Paris. The workflow of the Web site is customized to provide online assistance with regard to on-treatment platelet reactivity and pharmacogenetic profiles. A total of 10 centers performing about 18 500 PCIs participated between January 2007 and May 2010. The protocol was approved by the Pitié-Salpêtrière University Hospital Ethics Committee and the study was conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all participants.
Participant Selection
Patients aged 18 years or older with an angiographically documented stent thrombosis according to Academic Research Consortium definitions 19 were enrolled. Angiographic definite stent thrombosis consisted of partial or complete occlusion within a previously implanted stent and evidence of new thrombus (in the stent or in the 5 mm proximal or distal to the stent) associated with at least 1 of the following: ischemic symptoms, ischemic electrocardiographic changes, or elevation of biomarkers. Among early stent thromboses (Յ30 days), acute stent thrombosis occurred within 24 hours after stent implantation and subacute stent thrombosis occurred more than 24 hours but no more than 30 days after stent implantation. Control participants were recruited in the same participating centers, were identified in the local PCI database, had to be receiving DAPT, had at least 6 weeks of follow-up without history of stent thrombosis, and had available genetic samples. For the case-control comparison, a ratio of 1 stent thrombosis case to 2 ageand sex-matched controls was used.
Baseline clinical, angiographic, and procedural characteristics of case and control participants were collected. Ancestry and region of birth were selfidentified. Coronary angiograms of both case and control participants were reviewed by 2 independent interventional cardiologists (G.C., J.S.H., J.S., F.B., O.B., or G.M.). In addition, a dedicated questionnaire allowing an accurate description of the use of antiplatelet therapy within the 6 weeks prior to the occurrence of stent thrombosis was used. Partial antiplatelet therapy interruption was defined as clopidogrel or aspirin cessation for at least 3 consecutive days within 14 days prior to stent thrombosis. Complete interruption was defined as cessation of both aspirin and clopidogrel for at least 3 consecutive days within 14 days prior to stent thrombosis. No biological analyses were attempted if there was any evidence of treatment discontinuation. Definite stent thrombosis cases that occurred after partial or complete interruption of DAPT were excluded from the current analysis.
Genotyping
Genomic DNA of case and control participants was extracted from peripheral blood leukocytes by standard procedures (Puregene DNA isolation kit, 
, factor V (rs6025), prothrombin G20210A (rs1799963), fibrinogen beta chain (rs1800790), and VKORC1 (rs2359612), as previously described.
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CYP2C19, CYP2C9, and CYP2B6 metabolic status was determined for cases and controls based on identified polymorphisms and their effect on enzymatic function 20,21 (eTable 1; available at http://www.jama.com).
Statistical Analysis
All analyses were performed with SAS software, version 9.1 (SAS Institute Inc). All single-nucleotide polymorphisms were tested for deviation from HardyWeinberg equilibrium with the 2 test. Continuous variables were expressed as means and standard deviations unless otherwise indicated and categorical variables as frequencies and percentages. P values were 2-sided with a level of statistical significance of PϽ.05.
The sample size calculation was based on the hypothesis of a 2-fold increase in the CYP2C19*2 allelic frequency in patients with stent thrombosis compared with controls. From our previous studies, the CYP2C19*2 allelic frequency was expected to be 17% in controls. We estimated that 120 cases matched with 2 controls each would be required to detect such a difference with a type I error risk of .05 and power of 80% (Quanto software, version 1.1, University of California, Santa Cruz).
Baseline characteristics and genotype distribution were compared between cases and controls using conditional logistic regression analyses. A univariate logistic model was used to compare all characteristics (clinical, an- giographic, and genetic). Comparisons are expressed as univariate odds ratios (ORs) with 95% confidence intervals. A multivariable logistic regression analysis was then used to identify independent variables associated with the occurrence of early stent thrombosis. The following variables were considered for inclusion in the comprehensive model: baseline demographic (age, sex, body mass index, smoking, and ancestry), clinical (hypertension, diabetes mellitus, previous myocardial infarction, creatinine clearance Ͻ60 mL/min, left ventricular ejection fraction Ͻ40%, clopidogrel loading dose, and use of proton pump inhibitors [PPIs] and calcium channel blockers), and angiographic (American College of Cardiology/American Heart Association [ACC/AHA] type C lesion, number of vessels with disease, minimum stent diameter, acuteness of PCI, and post-PCI dissection) characteristics; predicted metabolic status (CYP2C19, CYP2C9, and CYP2B6); and genetic variants (CYP3A5*3, POR*28, PON1 Q192R and L55M, ABCB1 C3435T, P2Y12 H1/H2, ITGB3 T1565C, MTHFR C677T, PAI1 5G/ 4G, factor V G1691A, prothrombin G20210A, fibrinogen G455A, and VKORC1). Loading doses were classified as no loading dose, 150 to 300 mg, 300 to 600 mg, and more than 600 mg. CYP2C19 metabolic status was defined as rapid, extensive, intermediate, or poor according to a recent consensus definition 22 (eTable 1). Inclusion in the final model was determined by a backward-stepwise technique evaluating all potential univariate variables (PϽ.20) to create a multivariable model containing variables with PϽ.05. We performed several sensitivity analyses that confirmed the models' consistency (eg, modeling using forward selection of variables, interaction analyses, and rejection of colinearity). We tested for interactions between clopidogrel loading dose and significant genotypes in all models. The main analyses were age-and sex-adjusted. Additional analyses were also restricted to the predominant ethnicity. The clinical and genetic models were built according to the same procedure. Baseline demographic, clinical, and angiographic characteristics were considered for the clinical-only model, whereas predicted metabolic status and genetic variants were considered for the genetic-only model.
For each model, the regression parameter estimates of the independent variables were calculated and used to derive 3 different weighted equations corresponding to the clinical-only, genetic-only, and comprehensive models, respectively. Nonparametric receiver operating characteristic curves were used to assess the discriminatory power of the 3 prediction algorithms to distinguish cases and controls. Pairwise comparisons of the area under the curve (AUC) were performed according to DeLong et al. 23 For each model, the best cutoff that maximized the sensitivityϩspecificity sum was determined and gives an indication of the optimal model's sensitivity and specificity. Finally, individual scores were calculated for both cases and controls using the 3 equations. We divided the distribution of the resulting clinical- To further evaluate the association between early stent thrombosis and combination of genetic determinants, a risk allele count score was developed to determine whether there was a gene-dose effect in CYP2C19, ABCB1, or ITGB3 variant allele carriers. As shown in FIGURE 2, we identified a gradual increase in the risk of early stent thrombosis according to the number of risk alleles carried by patients.
Independent Factors Associated With Early Stent Thrombosis
Multivariable logistic regression analyses were performed to identify which clinical, angiographic, and genetic variables were independently associated with the occurrence of early stent thrombosis ( Similar results were found when restricting the analyses to white individuals, the overwhelming majority in our study population. No significant interactions were identified between the genetic variants and each of the independent clinical and angiographic factors. Notably, we did not find any significant interactions between clopidogrel loading doses and CYP2C19, ABCB1, or ITGB3 (P=.46, P=.84, and P=.63 for interaction, respectively). There were also no significant interactions in the CYP2C19, ABCB1, and ITGB3 genetic variants.
Performance of Different Models Associated With Early Stent Thrombosis
In addition to the combined (clinical and genetic) model, a model includ- P=.004). Moreover, it had greater sensitivity and specificity (67% and 79%, respectively) than the clinical-only (60% and 70%, respectively) or geneticonly (48% and 78%, respectively) models. Therefore, the positive likelihood ratio (LR) was highest with the combined clinical and genetic model (LR, 3.4) vs with the clinical-only (LR, 2.1) or genetic-only (LR, 2.0) models. Patients in the highest tertile of risk using the combined clinical and genetic model had a 7-fold increased risk of early stent thrombosis vs patients in the lowest tertile (OR, 7.63; 95% CI, 4.18-13.91) (eFigure 2).
COMMENT
Stent thrombosis is a serious complication of coronary stenting but its low incidence makes it difficult to study in a comprehensive manner. Registry studies have identified a certain number of risk factors that may or may not be connected to each other, but, to our knowledge, no study has evaluated a range of clinical, drug, angiographic, procedural, and genetic factors of stent thrombosis. Our multicenter study suggests that a combination of 3 genotypes related to clopidogrel metabolism and platelet function (CYP2C19, ABCB1, and ITGB3) is an independent risk factor for early stent thrombosis beyond clinical and angiographic factors. We also identified 2 potentially modifiable factors of early stent thrombosis: clopidogrel loading dose and clopidogrel interaction with PPIs.
Our study adds to the understanding of the genetic profile of patients treated with clopidogrel who are at risk of early stent thrombosis. Of the 23 preselected genetic variants, 4 were found to be independently associated with the occurrence of early stent thrombosis. These nonmodifiable risk factors are highly prevalent. All variants except 1 have been shown to directly interfere with clopidogrel metabolism and are significantly associated with onclopidogrel platelet reactivity. Notably and contrasting with a recent report, 11 we found no significant association between carriage of the PON1 Q192R allele and stent thrombosis. Together with the recent demonstration that the fate of 2-oxo-clopidogrel in vivo, the clopidogrel intermediate metabolism, depends mainly on CYP enzymes and only to a minor extent on esterases such as PON1, 24 this further The score was calculated by adding the number of risk alleles. One point is awarded for each copy of the risk alleles CYP2C19*2 and ABCB1 3435 TT. One point is awarded when a copy of protective alleles CYP2C19*17 or ITGB3 PLA2 is absent. A homozygous carrier of both the CYP2C19*2 (2 points) and the ABCB1 3435 TT (2 points) variants who has no copies of either the CYP2C19*17 (2 points) or the ITGB3 PLA2 (2 points) alleles will score an 8, the highest score. Conversely, a patient with no copies of either the CYP2C19*2 (0 points) or the ABCB1 3435 CC (0 points) variants who carries 1 copy of the CYP2C19*17 (1 point) and 2 copies of the protective ITGB3 PLA2 allele (0 points) will score 1, the lowest score. a For 2 participants, information on a genotype was missing and the score could not be calculated. supports the lack of association between PON1 Q192R and clinical events recently reported by other groups. [25] [26] [27] In contrast, the CYP2C19*2 allele was independently associated with a high risk of stent thrombosis, and the prevalence of homozygotes was impressively high in patients with stent thrombosis and was 7-fold higher than in controls. In addition, CYP2C19*17 gain-of-function allele carriers were at lower risk of early stent thrombosis, a variant associated with higher ontreatment platelet inhibition and more bleeding complications 28 and less ischemic events in the CHARISMA study. 29 This further strengthens the current evidence on the predominant role of CYP2C19 in clopidogrel metabolism.
The current study confirms a significant association between carriage of the ABCB1 3435 TT (vs CC or CT) genotype and early stent thrombosis. This gene encodes a drug efflux transporter, P-glycoprotein, that modulates clopidogrel absorption. It has been previously associated with reduced clopidogrel response, 13, 30 but with variable clinical consequences. 10, 13, 31 One explanation for the discrepancy may be that ABCB1 C3435T is a synonymous variant (p.Ile1145Ile) that affects protein conformation and substrate specificity, 32 which may vary according to clopidogrel dosing strategies as recently shown by a greater effect of this variant at the time of clopidogrel loading vs during the maintenance phase. 33 Our finding that ABCB1 C3435T carriage and low clopidogrel loading dose were independent correlates of early stent thrombosis and the lack of saturable clopidogrel intestinal absorption demonstrated by previous investigation of the effects of different loading dose strategies on clopidogrel response [34] [35] [36] are not supportive of such a hypothesis. Of note, assessment of both ABCB1 C3435T and CYP2C19 shows that the 2 genes offer complementary information, and nearly threefourths of patients with stent thrombosis had an increased genetic risk profile defined by the number of alleles at risk. Our regression models also indicate that in patients with a low clinical likelihood of stent thrombosis, the influence of genetic factors was important in predicting stent thrombosis.
The ITGB3 gene encodes for the integrin ␤3, a component of the glycoprotein IIb/IIIa platelet receptor, which mediates the final pathway of platelet aggregation. It is highly polymorphic, with 2 common allelic isoforms, PLA1 and PLA2. The relation of PLA2 (p.Leu59Pro) with the occurrence of acute coronary syndromes has been controversial, with a trend toward an increased risk. 37 There is also consistent evidence of lower platelet inhibition in response to clopidogrel among carriers of the PLA2 allele. [38] [39] [40] Our investigation shows that the PLA2 polymorphism was less frequent in patients with stent thrombosis than in controls. This appears to be a new finding contradictory with previous investigations performed in another setting. Although it may add to the accuracy of our predictive model, replication is needed.
The procedure-related independent correlates of early stent thrombosis were expected and could not be altered. We found that the only 2 potentially modifiable correlates of early stent thrombosis (clopidogrel dose and PPI use) are also major determinants of high onclopidogrel platelet reactivity. Several studies have shown that increasing the clopidogrel dose regimen results in higher clopidogrel active metabolite isomer H4, 4 1 overcomes high onclopidogrel platelet reactivity, 34, 36, 41 and reduces the risk of early stent thrombosis. 42 Although the clinical effect of concomitant PPI use in clopidogreltreated patients is more controversial, consistent evidence exists of a significant pharmacological interaction between omeprazole and clopidogrel, with a decrease in clopidogrel metabolite formation, 43 leading possibly to an increase in cardiovascular risk, especially in high-risk populations, as in patients with previous stent thrombosis. 8 Whether the effect of PPIs was driven by an interaction with the CYP2C19 pathway could not be evaluated because the type of PPI was not recorded. Altogether, clopidogrel dose, PPI use, and presence of CYP2C19 and ABCB1 genetic variants suggest that the level of P2Y 12 antagonism achieved through clopidogrel active metabolite generation is the key factor influencing the risk of early stent thrombosis in patients receiving clopidogrel and adherent to treatment.
The overlap between the clinical and genetic regression models appears limited and no significant interaction was found. Obviously, genetic information cannot be captured by clinical or procedural characteristics. The lack of variation in the OR values of early stent thrombosis clinical predictors before and after consideration of the genetic correlates and their similar absolute values to those of clinical and angiographic correlates further suggest a similar extent of the predicted risk and a lack of correlation. The case-control design of our investigation may have underestimated some potential confounding factors and represents a limitation per se, although it is the only suitable design to evaluate rare events like stent thrombosis and we undertook thorough data collection on all variables. Additionally, we had a limited sample size to develop our predictive models and, thus, may have overestimated the models' predictive accuracy in independent cohorts. Skewed inclusions may have occurred within our Web base case selection because we could not ensure an exhaustive selection of patients. However, we estimated that 18 500 patients underwent stent implantation in the participant centers during the study period, corresponding to a stent thrombosis prevalence of 1.26% (0.6% for early stent thrombosis), concordant with the recent literature. We acknowledge that the score now should be prospectively validated in a new independent cohort of patients. Another limitation of this type of study is that only early stent thrombosis survivors could be studied, and the genotypephenotype relation is not known for the most severe cases, who died soon after stent thrombosis. However, we may have also underestimated the weight of the identified variants by missing the most severe cases. We also acknowledge that the last generation of drugeluting stents, with less thrombogenic platforms, represented less than 10% of the cases. This might have potentially biased our findings, although the benefit of these new platforms is mainly driven by a reduction in late and very late stent thrombosis, issues that were beyond the scope of the current investigation. 44 Stent malapposition or underexpansions are other important factors associated with stent thrombosis that were not evaluated. Platelet reactivity was not included in the stent thrombosis prediction model because it could not be systematically measured at the time of the event. Moreover, platelet function testing has its own limitations and is difficult to use on admission for emergent cases such as the stent thrombosis cases in the current multicenter study. Finally, our findings apply to white individuals, who were dominantly represented in our cohort, and the effects of different genes according to different ethnic groups may warrant dedicated studies.
In conclusion, in addition to established clinical and angiographic factors, 3 genes involved in clopidogrel metabolism and platelet receptor function (CYP2C19, ABCB1, and ITGB3) and 2 clopidogrel-related factors (loading dose and PPI use) were independently associated with early stent thrombosis. Combining genetic factors with clinical factors improved risk stratification for stent thrombosis. Whether treatment adjustment on the basis of such global risk stratification can improve the prognosis of patients undergoing PCI will require future validation in independent cohorts.
